An automated plasma spray apparatus was designed to investigate experimentally the formation of splats (spread and solidified melted particles) by fully controlling key physical parameters (the velocity, temperature and size of the molten droplets impacting a substrate, and the temperature and surface condition of the substrate). The plasma spray apparatus made it possible to obtain a representative set of yttria-stabilized zirconia (YSZ) splats deposited on polished metal substrates (stainless steel or polished CoNiCrAlY sub-layers sprayed on nickel alloy substrates by low pressure plasma spraying) with full control of key physical parameters. The set of splats allowed verification of the theoretical characterization of metal oxide splat formation. Even without introducing empirical coefficients to the theoretical equations, quite good agreement between the calculated and experimental diameters and thicknesses of YSZ-splats was obtained over a wide range of various values of the key physical parameters. The results obtained will be first of all interest for optimizing the deposition of thermal barrier coatings and also for optimizing the deposition of the first monolayer of coatings of metal oxides sprayed onto metal substrates.
Introduction
In designing gas turbines, thermal barrier coatings (TBCs) are often used to raise the performance and prolong the service life of turbine blades. TBCs represent a two-layered coating formed by a 100-150-mm thick metal alloy bond layer (MCrAlY, M=Ni, Co, CoNi) sprayed by low pressure plasma spray (LPPS) onto the surface of nickel super-alloy blades, and by a 300-350-mm thick ceramic top layer yttria -stabilized zirconia (YSZ) (in the present studyZrO 2 +8%Y 2 O 3 ) sprayed by atmosphere plasma spray (APS) onto the bond layer. Numerous studies show that thermally grown oxides (TGO) at the MCrAlY/YSZ interface cause additional stresses and the interface, and result in the subsequent degradation of the coating. A number of works [1] [2] [3] were performed to examine the formation of such oxide interlayers. According to the reference, 1) the main factors leading to coating failure are: (a) increase in the reactinglayer thickness during the coating life and (b) occurrence of microcracks and voids in the coating. The first factor works to increase the stresses caused by the mismatch between the thermal-expansion coefficients of the two materials, while the second produces stress concentrators and worsens the coating's adhesion.
It is well known 3) that properties of the sprayed bond layer will often determine the service life of the thermal barrier coating as a whole. During the service life of a blade with an applied coating, transition oxide layers appear at the interface between the metallic bond layer and the ceramic top layer, and also between the bond layer and the substrate. The formation of these oxide layers restricts the service lifetime of the thermal barrier coating. The microstructure and internal stresses in the coating largely depend not only on the process parameters used in depositing the coating, but also on the properties of the original powder material.
Further improvement of the quality and structure of sprayed metal-oxide coatings (Al 2 O 3 , ZrO 2 , TiO 2 , Cr 2 O 3 , etc.) largely depends on one's understanding of the processes that take place as melted particles, transported by a hightemperature spray jet, interact with the substrate. [4] [5] [6] [7] [8] [9] This problem is intimately related to recommending new promising ways to design and optimize MCrAlY/YSZ interfaces that will permit the development of a physico -mathematical model for aging thermal barrier coatings during their service life. Since this problem is still far from being fully solved, it makes sense to formulate and discuss here some problems that arise in this connection.
The characteristic features of the system under study are the small sizes of the melted particles, the high velocities of their impingement onto the substrate surface or onto the surface of a deposited layer and, as a consequence, the involvement of many factors that greatly complicate the analysis of the spray process.
In this connection, further development of various concepts concerning the hydrodynamics and the thermal physics of the particle -substrate interaction seems to be an urgent matter. Since a detailed experimental study of the majority of the processes that affect liquid drops and the near -surface layer of the base (substrate or pre-deposited layer) is very difficult, the only way to gain additional information about the phenomenon of interest is to perform numerical experiments combined with the derivation, where possible, of analytical solutions and models. [10] [11] [12] [13] Development of theoretical foundations for this phenomenon is an urgent problem necessary for the adequate interpretation of experimental data, and for devising new physico -mathematical models for unsteady conjugate conductive -convective heat transfer and phase transitions during the splat formation process. 14) This research field was addressed in publications, [15] [16] [17] [18] in which a theory of equilibrium solidification of a liquid metal particle impinging onto a solid surface (Prandtl number Pr ¼ v pm are the kinematic viscosity and thermal diffusivity of the particle material at its melting point, T pm . The developed theoretical foundations have allowed us to formulate practical recommendations for thermal spray technologies such as atmosphere plasma spraying (APS), low pressure plasma spraying (LPPS); electric -arc metallization, etc. We created a representative set of modeled experimental splats (molten particles flattened and solidified) on polished substrates under full control of the key physical parameters (KPPs) of the process, including the impact velocity (u p0 ), the particle diameter (D p ), the particle temperature (T p0 ), and the substrate temperature (T b0 ). Using the solution derived, we managed, without introducing any empirical constants, to perform a criterial generalization of our experimental data and data previously reported by other workers 19) concerning the splat thickness (h s ) and splat diameter (D s ), important parameters necessary for reliable predictions of the properties and structure of coatings. In addition, we performed a sensitivity analysis of the impact of KPPs on splat characteristics, and discovered some significant relationship for establishing feedback for thermal spray processes.
In our previous report, 20) one of the authors proposed a theoretical approach to predicting the height and diameter of splats deposited onto substrates by means of thermal spraying (including plasma spraying) of ceramic powder materials such as metal oxides (Prandtl number Pr > 1). Preliminary tests were performed to compare the result obtained from the approximate analytical solution to a set of experimental Al 2 O 3 splats obtained under full control of KPPs. Even without introducing any empirical constants, rather good agreement was observed between the theoretically predicted and the experimentally measured splat diameters for a broad range of KPPs. In our other report, 21) the testing of the comparisons of splat heights and diameters continued with specimens of YSZ splats. Here again, rather good agreement between the theory and the experimental results was obtained.
The present work is a continuation of our previous studies. 21) It was aimed at solving the following problems: a) to obtain an extended set of YSZ splats deposited under full control of KPPs onto polished stainless steel substrates or onto as-deposited or polished CoNiCrAlY layers sprayed by LPPS onto nickel super-alloy; b) to perform scanning electron microscopy, scanning laser microscopy, and profilometric studies of the surface morphology of the obtained splats; c) to perform an independent estimate of the sizes of liquid particles prior to their impingement onto a substrate, needed for evaluating the error in measuring these sizes by means of pyrometry ðlÞ pm are the melt density and melt surface tension respectively). The data obtained in the present study are of obvious interest, since they promote better understanding of basic processes underlying plasma spraying of thermal barrier coatings.
Experimental Setup
To study the impingement of a single melted particle onto a substrate under full control of KPPs, we used an experimental setup that included the following components: a 50-kW nominal power air plasma torch with interelectrode insertion; 16) a TWIN-2 powder feeder; a unit for separating out single plasma jet heated particles that consisted of a water-cooled diaphragm, a rotating disk, and a solenoiddriven shutter; a thermally controlled pedestal for mounting the substrate and heating it to a desired temperature; and a diagnosing unit for measuring the impact velocity, surface temperature, and size of a single particle impinging onto the substrate.
A schematic diagram of the experimental setup is shown in Fig. 1 . After the particle passes through a 1 mm diameter hole in the diaphragm (D) and subsequently traverses the control measuring volume (CMV) of the diagnosing unit, the electromagnetic shutter (ES) blocks the particle to separate it out from the plasma jet. The actuation time of the shutter is 1.5 ms. Since the typical time interval between passages of successive particles is several tens of microseconds, there is a possibility of simultaneous impingement of several particles onto the substrate. To reduce the probability of such an event, a rotating disk (chopper) with a 5-mm hole matched to the diaphragm hole was installed behind the shutter, and has allowed us to reduce the characteristic separation time of single particles to 150 ms (Fig. 1,c) . The CMV of the diagnosing unit, formed by the pickup lens, L 1 (Fig. 1,a) and the two-slit diaphragm, SD, was situated 5 mm away from the water-cooled diaphragm, D (Fig. 1,b , w 1 ¼ 100 mm, w 2 ¼ 800 mm, I ¼ 800 mm, 3 mm height). The two-slit diaphragm, SD (Fig. 1,b) installed in the image plane of the moving particle permitted simultaneous measurements of the temperature and axial velocity of the particles. 22) With the help of the dichroic mirrors (DM 1 and DM 2 ) and transmitting optics, the radiation emitted by the particles is projected onto the photocathodes (PEM 1 , PEM 2 , and PEM 3 ) through the narrow transmission band light filters (F 1 , F 2 , and F 3 ) that are installed in front of the photocathodes.
The amplified signals from the photodetectors (PEM 1 , PEM 2 , and PEM 3 ) of the measuring channel are fed to double channel Analog to Digital Converters (ADCs). The ADCs have synchronized starting signals. The amplified signal from the photodetector, PEM 3 , enters the discriminator (BIS) that outputs standard signals for triggering the ADCs if the emission intensity of the particle exceeds a certain threshold level. The discriminator is used to eliminate the possibility of false start-ups caused by background thermal emission of plasma flow.
At a distance of 4 mm from the CMV the substrate (S) is mounted, on the surface of an ohmic heater equipped with a thermocouple and for controlling variations of substrate temperature up to a temperature of 600 K.
To determine the parameters of a single plasma jet heated particle, we analyzed the thermal emission of the particle at three wavelengths: ! 1 ¼ 0:6328 mm, ! 2 ¼ 0:721 mm, and ! 3 ¼ 0:8906 mm. The typical shape of a pyrometric signal, registered by one of the ADC channels, is shown in Fig. 2 (the amplitude N of the signal is given on the ordinate in counts, and the time on the abscissa, in microseconds).
To reconstruct the impact velocity, temperature, and particle size of individual particles, we used a specially devised computation algorithm based on a correlation analysis of real and model pyrometric signals combined with an procedure employing the least-squares method 22) for estimating particle characteristics. The model signals at each working wavelength interval were calculated by the formula:
where f ðD p ; u p ; tÞ is a function that describes the passage of the image of a spherical particle of diameter D p in the plane of the diaphragm SD as a function of particle velocity u p . This function is proportional to the image area of the particle cut out, in succession, by the slits S 1 and S w of diaphragm SD (Fig. 1,b) .
is the emissivity of the particle at the center of the passband of the i-th interference filter with a preliminarily calibrated transmission factor of
(if the emissivity is unknown, then the black-body approximation can be used). $ð! i Þ is the transmission factor of the i-th optical-electronic channel that was found in preliminary calibration tests. This factor correlates the light flux to the amplitude of the analog signal. The algorithm used to process the experimental information for a single particle was as follows. First, the velocity u p was found by successively calculating and searching for the maximum of the cross-correlation function between the initial data for the real particle and a set of model data calculated for test particles of various velocities with an average diameter D p ¼ ðD p;min þ D p;max Þ=2 and an average temperature T p ¼ ðT p;min þ T p;max Þ=2. The velocity is found from the expected maximum and minimum values of these parameters.
With the particle velocity known, it becomes possible to find the position of the plateau of the trapezoidal pulses, and determine the color temperature T cij of the particle (''gray''-body approximation), using the relation, U U i and " U U j are the mean amplitudes of trapezoidal signals in respective spectral regions, i < j.
Signals were processed independently at two pairs of wavelengths: at ! 1 ¼ 0:6328 mm and ! 3 ¼ 0:8906 mm, and also at ! 2 ¼ 0:721 mm and ! 3 ¼ 0:8906 mm. The relative characteristics of two-color pyrometry measurements are generally considered to be an advantageous feature of this method. However, the sensitivity of this method for measuring particle temperature is comparable to the sensitivity in measuring emissivity ratios in working spectral regions. For this reason, the assumption about the constancy of the spectral emissivity (''gray''-body approximation) may result in appreciable error in determining the temperature.
To improve the reliability of measuring the temperature of a single particle, we used the polychromatic pyrometry method, which makes use of the advantages offered by relative and absolute spectral measurement. 23, 24) This algorithm is based on analyzing, by least-squares method, the deviation of the emissivity of a real particle from the modeled one at three wavelengths, ! 1 ¼ 0:6328 mm, ! 2 ¼ 0:721 mm, and ! 3 ¼ 0:8906 mm. That is, this method consists in finding the minimum of the following function:
According to the Refs. 23) and 24), the minimum value of the function Áðr p ; "; TÞ is best substantiated if the linear approximation "ð!Þ ¼ a 0 þ a 1 ! is used. Since, in the case of this experiment, the particle radius r p is unknown (known only is its range), here, we again employ the ''gray''-body approximation, "ð!Þ ¼ a 0 ¼ const, used within the framework of the three-color pyrometry method.
To determine the particle temperature T p , we used a numerical algorithm for finding the minimum of function (3) . To this end, the entire domain of the quantities q ¼ "ð!; TÞ%r 2 p and T was covered by a plane grid with nodes (q i ; T j ), i ¼ 1; . . . ; N 1 ; j ¼ 1; . . . ; N 2 . Next, the values of Á i at the nodal points were calculated. The values q Ã and T Ã for which
are the values being sought. The quantity appr can be used as a criterion that characterizes the accuracy of approximating the data in the adopted model. It is known 24) that the inaccuracy in determining the amplitude of the pyrometric signal at the plateau of a trapezoidal signal depends on the noise dispersion ' 2 ni (in the actual case, the main contribution to the noise dispersion is caused by the shot noise of the photoelectronic multiplier) and on the number of counts used to calculate the average of the amplitude. Analysis of the corresponding error has been done. 21) To estimate the particle diameter, D p , we applied the leastsquares method to the experimental and modeled particles. Here, the modeled particle already has values for u p and T p found for the wavelength, ! 1 ¼ 0:632 mm, in the plateau region of the trapezoidal signal with allowance for ZrO 2 emissivity. Temperature dependence up to a temperature of 2800 K at the wavelength, ! ¼ 0:665 mm, was referred. 25) The monochromatic emissivity ZrO 2 at 2800 K is about 0.8. The author 26) stressed the ascending behavior of this function for semi-transparent spherical particles. Thus, the error in estimating the particle diameter induced by the error in setting the value of the particle emissivity " 2 ½0:82; 1 at temperatures above 2800 K does not exceed 10%. The predominant contribution to the error in determining the particle size is due to the inaccuracy in determining the particle temperature.
Theoretical Foundations for the Formation of Metaloxide Splats
In the thermal spray technology the following four basic scenarios of the interaction between a melted particle and a solid substrate are possible, depending on the temperature T c0 of the particle/substrate interface (Fig. 3) : (a) spreading of the drop over the solid surface of the base and its simultaneous solidification; (b) spreading of the drop over the surface, its simultaneous solidification, and partial submelting of the base at the base/ particle contact spot; (c) spreading of the liquid drop over the surface with simultaneous submelting of the base, followed by their cooling and solidification; (d) spreading of the liquid particle over the solid surface, followed by cooling and solidification of the flattened drop with simultaneous rolling of its edges.
In the following, # ¼ T=T pm is a dimensionless temperature; the subscripts 'p' and 'b' refer to the particle and to the base; the subscripts 's' and 'l' refer to the solid and liquid states of the material; the additional subscript 'm' stands to show that the parameter marked with this subscript is taken at the melting point of the material; z p , , and $ are the current coordinate of the apex of the deforming drop, the coordinate of the particle solidification front, and the coordinate of the base melting front; # c0 is the dimensionless contact temperature without allowance for the heat from possible phase transitions, is the criterion of thermal activity of the base material toward the particle material.
In the case of a melt with a relatively high viscosity and low thermal conductivity (Pr > 1), the thermal boundary layer, across which the temperature varies from T pm to T p0 , is submerged in the viscous flow near the base material. At sufficiently high Reynolds and Weber numbers, over this flow we have a flow close to the ideal spreading of a liquid with an initial temperature equal to the drop temperature T p0 prior to the collision. Hence, in this case, the heat transfer is fully determined by the hydrodynamic properties of the viscous-sublayer flow, and it is sufficient to consider a model heat-transfer problem of a viscous liquid flow approaching perpendicularly an isothermal wall. A detailed description of the physical model for splat formation for Pr > 1 and other details concerning its derivation can be found in previous paper. 20) To obtain an approximate solution for the first scenario, the scenario used most in thermal spraying, we considered the following two successive stages:
. ideal forced spreading of the melt over the surface of the quasi-stationary viscous layer displaced by the solidification front that moves from the substrate (Fig. 4, a) ; this stage ends the moment when the particle apex reaches the external boundary of the viscous layer (Fig. 4, b) ; . subsequent viscous inertial spreading of the resulting (flattened) melt layer, which ends when the solidification front meets the free surface (Fig. 4, c) . The potential-spreading stage is restricted to the period of ideal liquid-drop spreading, which begins at the moment t ¼ 0 (Fig. 4,a) and ends at the moment t Ã 1 at which the drop apex meets the external boundary of the viscous layer (Fig. 4,b) ,
Þ is the thickness of the layer solidified at this stage. In a first-order approximation, the apex of the drop can be assumed to move at a constant velocity u p0 , i.e., the coordinate of the apex is given by the expression z p ðtÞ ¼ D p À u p0 t. Solving the resulting equation, we obtain:
where Pe ¼ D p u po = ðlÞ pm is the Peclet number, v ¼ v;eff =D p ; t d ¼ D p =u po is the characteristic drop deformation time; and c is a parameter that characterizes the rate of drop solidification in the direction normal to the substrate surface.
20)
The viscous-spreading stage begins immediately after the previous stage comes to end. This stage is restricted by the time interval of viscous inertial flow of the melt over the surface of the solidifying layer. This second stage begins at the moment t ¼ t Ã 1 (Fig. 4, b) and ends at the moment
, at which time the upper boundary of the viscous layer meets the solidification front, i.e., z p ðt (Fig. 4, c) . The current coordinate of this boundary, under the assumption that this boundary keeps moving in the velocity field of the initial viscous flow, can be expressed as
, and the thickness of the layer solidified during this stage can be expressed as
Solving the problem for this stage with due allowance for the solution for the first stage, we obtain the following expressions for the total splat formation time and final height of the splat:
The splat diameter D s (see Fig. 4 , c) can be found from the mass-balance relationship written for the initial state (prior to the impingement) and for the final state (solidified on the substrate) of the particle assuming that the particle solidifies as a cylinder.
Formation of YSZ Splats on Metal Substrates
The starting powder was powdered zirconia stabilized with yttrium oxide (NS 204 powder commercially available from Sulzer Metco, USA). The typical general appearance of the powder particles is illustrated by Fig. 5 . Examination of Fig. 5(a) shows that almost all particles with sizes smaller than 100 mm are shaped as spheres. In view of this, prior to performing the experiments, the powder was sieved to obtain narrow fractions with 45-50, 50-56, 56-63, 63-71, 71-80, 80-90, and 90-100 mm particle sizes. In addition, based on Fig. 5(b) it can be seen that a considerable proportion of the large particles (D p > 70 mm), and also some of the smaller particles, are in fact hollow shells. This hollowness should be taken into account when interpreting experimental data for the splats obtained.
Individual melted particles were deposited onto mirrorpolished stainless-steel substrates, or onto as-deposited or polished CoNiCrAlY sublayers pre-deposited onto nickel super-alloy substrates using LPPS. The splat morphology was examined on HITACHI S-4700 and LEO420 scanning electron microscopes (Zeiss, Germany), on an OLS 1100, SHIMADZU OLYMPUS laser scanning microscope, and on a SHIMADZU OLYMPUS profilograph (Kosaka Laboratory Ltd., Japan).
The purpose of the present study is: a) to obtain a set of experimental YSZ splats deposited onto the above-indicated substrates by APS under full control of KPPs; b) to study the splat morphology by means of scanning electron microscopy, laser microscopy, and profilometry; c) to determine and, if necessary, control the size of liquid drops prior to their impingement onto substrates for the selected set of regular splats; d) to perform a comparison between theoretically predicted and experimentally measured splat heights and diameters for the splats deposited onto polished substrates and, through this comparison, to test the developed theoretical foundations for the formation of metal-oxide splats; and e) to deposit single splats onto the surface of already deposited bond layers and, in this way, to examine the actual formation conditions for the first monolayer of a thermal barrier coating.
Formation of irregular splats on polished substrates
The analysis of splats deposited on metal substrates showed that, depending on substrate temperature, two types of splat formations occurred giving rise to splats with a regular or an irregular morphology. Figure 6 shows the general appearance of irregular splats deposited onto relatively cold substrates (T b0 475 K).
As is seen from the photos in Fig. 6 , impingement of thoroughly heated melted drops onto insufficiently heated substrates results in the formation of discontinuous splats with a fingered peripheral structure. The instability in the formation of splats formed under almost identical impact velocities and drop temperatures is manifested more distinctly in the case of the larger particles. Nevertheless, in the vicinity of the melt stagnation point (2r D p ) all splats display a continuous structure.
Another mechanism of unstable splat formation is observed for relatively large particles with an overheated liquid shell over a partially melted core, representing single solid fragments suspended in a melt. As such particles impinge onto the substrate, the melt spreads over the surface while the quasi-solid core disintegrates into fragments that obstruct the spreading of the melt over the surface and increase the probability of melt splashing at the periphery and causing protuberances (see Figs. 7 and 8) .
Formation of irregular splats from hollow plasma jet melted YSZ particles deserves special attention. In this case, immediately prior to the collision, the drop consists of a liquid shell enclosing a gas cavity heated to a temperature close to the melt temperature. As the drop impinges onto the substrate, it suffers considerable deformation resulting in a rise of gas pressure and in a decrease of gas temperature because of the transfer of heat into the surface of the melt film solidified at the cold substrate. In this case, the splat morphology is determined by the above processes that proceed simultaneously, and depend largely on the particular values of KPPs prior to the impingement.
To study possible splat formation scenarios for splats deposited onto polished stainless steel or quartz substrates from hollow YSZ particles, we performed a series of model experiments under full control of KPPs in which the starting powder was specially prepared to consist exclusively of hollow spherical YSZ particles (see Fig. 9 ). Without going into unnecessary details, note only that, as a result of the competing processes proceeding and during the deformation, cooling and solidification of such melted drops, the formation of irregular splats mainly occurs through the following scenarios (Fig. 10, a) formation of an irregular peripheral boundary due to the ejection of a flat gas jet carrying along part of the melt (Fig. 10, a) ; b)) formation of a splat following the previous scenario, but, in addition, the upper part of the melted film, interacting with the lower part, gives rise to a kind of a second splat layer with its own jet ejection of melted material (Fig. 10, b) ; c)) high-velocity collision of the overheated drop with axisymmetric ejection of multiple radial gas jets also carrying along the melt (Fig. 10, c) ; d)) violation of stable spreading of the lower part of the melted film on a low heat conducting substrate with simultaneous ejection of a vertical gas jet from the apex of the drop as the drop undergoes deformation and solidification (Fig. 10, d ).
Of course, this analysis does not exhaust all the factors promoting unstable formation of YSZ splats during plasma spraying. This matter is now a subject of additional theoretical and experimental study.
Experimental verification of theoretical model
Investigation of the problem as applied to the formation of metal-oxide splats (high viscosity -low thermal conductivity) shows that there are a great number of publications available reporting experimental data concerning the first scenario of the melted drop -substrate interaction; whereas, no systematic experimental data and no criterial theoretical descriptions or generalizations of splat characteristics have been reported for the last three scenarios (b)-(d) (Fig. 3) . In addition, available experimental data for the first scenario (Fig. 3, a) are mostly qualitative since the authors did not report all sets of KPPs used in obtaining their splats. The latter makes adequate approbation of theoretical foundations and of simulation data, as well as creating generalized criteria of splat characteristics impossible. In this connection, systematically modeled experiments aimed at obtaining representative sets of metal-oxide splats under full control of KPPs seems to be an urgent matter. Such unique experiments became possible after designing the automated experimental setup described in Section 2 of the present paper.
To further experimentally test the developed theoretical foundations, 20) we performed a series of experiments on the model experimental setup. These experiments were aimed at collecting a set of yttria-stabilized zirconia splats deposited on various substrates.
In measuring particle sizes the inaccuracy caused by the lack of reliable data on the emission characteristics of the powder used at high temperatures could be rather substantial. To experimentally test the theoretical solution, 20) we performed the following additional model experiment. From the 
set of splats obtained (NS 204 powder), fifteen regular splats were selected (see Fig. 11 and Table 1 ). For these splats, surface profilograms in two mutually orthogonal directions were taken on the Surfcorder SE-2300 profilograph (Kosaka Laboratory Ltd., Japan). Thorough treatment of the experimental data allowed us to obtain mean splat heights, which, together with the splat diameters measured on the HITACHI S-4700 scanning electron microscope, were used to estimate the volumes of the splats, assuming the shape of the splats to be cylindrical. Table 1 . These were used to predict the heights and diameters of selected splats. As is seen from the comparative data of Fig. 12 , rather good agreement was observed between the experimental and theoretical data. The surface morphology of the splats (Fig. 11) shows that the outer surface of the splats has a cellular fractured structure resulting from solidification contraction of the flattened liquid melt on the substrate surface. The cells form irregular polygons, and the orientation of some of the cell Table 1. boundaries coincides with the polishing direction of the stainless-steel substrate. In other words, the splats inherit the surface morphology of the substrate. At the same time, the transverse size of the boundaries likely depends on the melt cooling and solidification rates. On the whole, the cellular structure of the splat surface is rather uniform, and only at the periphery are the cells slightly elongated in the melt spreading direction. In our opinion, the cell's uniform structure supports the point of view that the spreading and solidification processes in the explored range of KPPs proceed simultaneously.
4.3 Interaction of the melted YSZ droplet with the predeposited metallic bond layer Additional experiments were performed to investigate specific features of the formation of the first monolayer of YSZ powder sprayed by APS onto the surface of a CoNiCrAlY bond layer that had been deposited by LPPS onto a solid substrate. In these experiments, some ten or so melted particles of each fraction of YSZ were deposited onto the surface of the as-sprayed bond layer. The bond layer's typical morphology, revealed by an OLS 1100, SHIMADZU OLYMPUS laser scanning microscope, is shown in Fig. 13 . As is seen from Fig. 14 , as well as in the case of a polished substrate (Figs. 6, 7, 8, 10, and 11), the splats display a fractured structure determined by the surface morphology of the preliminarily deposited sublayer and by the interfacial heat-transfer conditions.
Conclusions
The main results of the present study can be summarized as follows: a) an automated experimental apparatus has been developed for studying the splat formation process with full control of the KPPs (impact velocity, temperature, and size of the melted drops prior to their impingement onto a substrate; temperature of the substrate and the condition of its surface); b) a representative set of model yttria-stabilized zirconia splats deposited on polished metal substrates (either a polished MCrAlY bond layer deposited by LPPS onto nickel-alloy substrates or stainless steel) has been obtained under full control of KPPs; and c) a previously developed theoretical prediction of the splat formation process was 
